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ABSTRACT 
·1 
.. 
The effect of overheating prior to forging of ASTM A508 Class~ 
2 steel was the subject of this experimental investigation. Specifi-
cally, the main areas of study were the influence of overheating 
followed forging and/or heat treatment on the impact fracture appea-
rance and toughness of this grade. The effects of overheating were 
assessed by heating samples of A508 Class II composition steel to 
forging temperatures between 2200°F and 2500°F. Specimens overheated 
. 
to these t~peratures were given subsequent treatments to simulate 
forging and/or quenching and tempering heat treatments which are 
typical for the grade and which would clarify the mechanisms involved. 
The major microstructural change caused by overheating was 
observed to be manganese and iron sulfide inclusions appearing along 
austenite grain boundaries during the overheating cycle. These inclu-
sions were not metallographically visible when the overheated steel 
was subsequently heat treated at lower temperatures, but were shown 
' 
to be the cause of the appearance of large facets on the fracture 
_surface of impact specimens after this subsequent treatment. Scan-
" 
ning electron microscopy of the fracture facets indicated that they 
were actually a layer of ductile dimples, each dimple being nucleated 
by a sulfide inclusion lying along the prior overheated austenite 
-~;-..{. 
grain boundary. 
The nmnber of fracture facets per unit fracture area increased 
aa the overheating temperature increased between 2200°F and 2500°F; 
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T~mpering of the subsequently quenched and tempered steel at.tempera-
tures between 450°F and 950°F produced faceted fracture with the number 
of facets decreasing as t~e tempering temperature was ,increased. Tem-
pering at temperatures caumonly employed for this grade {above 1150°F) 
eliminated facet formation. 
The investigation showed that either forging and then reheat 
treatment, or reheat treatment alone, when carried out so as to pro-
d.uce the specified mechanical _properties for the grade will produce 
·good toughness ,in A508 Class II in spite of overheating prior to forging 
up to temperatures as high as 2500°F. 
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INTRODUCTION 
\ 
Good fracture toughness is one of the· major material require-
ments for nuclear reactor pressure vessels. The selection of 
material-used and the process of manufacture are largely determined 
by this need for good toughness. Some of the factors most often· 
considered to adversely affect notch toughness in these types of stee.l, 
such as sulfur, phosphorous and inclusion content are minimized by 
use of electric furnace steel. Vacuum degassing is used to minimize 
. 
gasses such as hydrogen and oxygen as well. Upset forging is used 
for improved homogeniety in the completed product. A grade commonly 
used for closure head forgings in nuclear service is ASTM A508 Class 
II, a .20 carbon, low nickel-chromium-molybdenum steel. 
Toughness for these applications is comn,only determined by 
measuring the Charpy V-notch impact energies of samples taken from 
specified locations in the completed forging. For the particular 
case of ASTM A508, specifications require that the average of six 
samples be greater than 30 ft-lbs. at 10°F, with no individual sample 
having a value of less than 25 ft-lbs. energy absorbed. If the 
impact values should be too low, three additional samples are taken 
• from the site of low energy fracture and broken at 10°F. with the 
same minimmn requirements. If the average of the additional samples 
ts not greater than 30 ft-lbs. with no individual sample less than 
25 ft-lbs •. the forging will not be acceptable, (Military Specifica-
tion MIL·S-2319.4A Ships). Failure to meet this particular require-
• 
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ment due to scatter in impact values and due to low overall average 
_·..,.;-,.:r ' 
has resulted in the rejection of some closure head forgings. 
Previous inve·stigations have shown that the factors most often 
. considered to affect impact,strength are not the cause of the low 
values. Composition, mechanical properties, microstructure, aniso-
tropy and sample preparation appear to be the same for Charpy V- · 
notch tests exhibiting high and low impact energies [l]. One variable 
' •, 
,, 
not previously considered is the effect of burning or ove~heating 
prior to forging. 
It is known that ''burning" will affect the mechanical proper-
ties of steel. Burning occurs when steel is heated to a temperature 
where £us ion begins at the aus tenite grain boundaries. Void forma-
t ion and oxidation at the grain boundaries may also occur. The damage 
is pennanent and will persist through forging and treating operations. 
\ 
It is easily detectable by ''hot shortness'' or tearing during forging 
and by the appearance of the voids and oxides around ind·ividual grains 
even in,the unetched condition. Tensile and impact strength will be 
poor and the fracture surface will be faceted. 
Overheating occurs at a lower range of temperature than burning 
and does not involv~ fusion or oxidation .of grain boundaries. It is 
most easily defined by the faceted or 'Tock candy~' appearance of the 
fracture surface of a steel treated to its maximum toughness. Unlike 
burning, overheating will not adversely affect hot forging properties, 
and is visible in the.microstructure only with the use of special 
etchants [2]. It is known that overheating can have a detrimental · 
\. 
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effect on mechanical properties, especially toughness, but it is not 
known if the effects will persist through the forging and treating 
operations used in the manufacture of closure head forgings. 
It has been shown that overheating is related to the formation 
of a sulfide network upon cooling from the overheat temperature [3]. 
Notch toughness is affected when these sulfide inclusions act as· 
nucleation points for crack growth. If ~rack propagation through the 
notched sample tends to follow the inclusion network rather than grow 
' in a transgranular manner, then impact strength is lowered and the 
fracture surface appears faceted. 
The temperature required to cause overheating in a given 
grade of steel has been shown to depend on any of several interrelated 
variables. One such variable is rate of cooling. If the rate of 
cooling is slow, as in the case of a furnace cool, then the tempera-
ture required to produce a faceted fracture will be high. If the 
cooling rate is somewhat faster, as in the case of air cool, then the 
temperature required to produce a faceted fracture will be lower [3], 
• 
while extreme rates of cooling will suppress the effect [4,5]. The 
overall effect is related to the size and nwnber of. inclusions preci-
pitated·upon cooling from the maximum temperature. 
.. - ~-··---·-·-~-·---·~-·- - . 
.... :-
. . 
----,--....--~ ' 
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' ' ... ~ 1. 
- . 
\· . 
A second variable that can effect overheating is sulfur con-
tent. Steels with high sulfur content are less susceptible to over-
heating than similar steels with a low sulfur content. The explana-
tion for this is that for low sulfur steels the transgranular impact . 
:.:.~·-- strength will be high, and any weakening due to the network of sul ... 
fide pre~ipitation will make those regions favored for crack growth. 
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tf sulfur content is high, transgranular impact v~lues will be lower, 
and it will require 1,a,--greater weakening of the structure in the region. 
of the sulfide network for it to effect crack growth [3]. 
A similar argument may be applied to cleanliness or the number 
of non-metallic inclusions in the steel. Steels with greater amounts 
of inclusions have been noted to be less effected by overheating than 
"clean" steels with fewer inclusions [2,5,6]. It has been found that 
open hearth steels can be~ heated to higher temperatures than electric 
furna.ce steels of similar analysis before showing signs of overheating 
[6]. 
. 
Hot working will also have an effect on the range of tempera-
ture that will cause the appearance of facets in the fracture sur-
face. If the facets are related to the sulfide network formed at 
·, 
elevated temperatures, then hot working will tend to alter and refine 
this network. Forging can raise the apparent overheating ~emperature 
as much as 150°F [6,7]. 
Hot working may also~chang~ the shape of individual inclusions, 
depending upon the temperature useq for for.ging [ 8, 9]. Accordingly, 
• 
tbe fracture appearance and notch toughness ·may vary with the relation-
ship of notch direction and flow direction during fo~ging. In fact, 
~-, ... 
. . ' " .. ~. . 
• 
the notch direction is always specified for the preparation of impact 
testing samples, generally placing the notch in the least favorable 
position with respect to normal properties. 
_________ .. -', 
.. 
- ''' . ' . ~" - - -
Heat treating after overheating also has been shown· to have 
effects on the susceptibility of a steel· to overheating [4,5,6,10]. · 
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Although the. lower range of tempera_ture connnonly used in the normali-
.. r.:c. 
zing, quenching and tempering of medium carbon steel should not effect 
the solubility of the sulfide inclusions, it can effect the transgranu- · 
lar impact strength of the trea·ted steel and thereby promote or inhibit 
the appearance of facets. The same argument also applies to rate of 
quenching or the distance fran a quenched surface. 
In addition, several other variables may also effect the sus-
ceptibility to overheating. These may include alloy content, grain 
I 
size, oxygen and nitrogen content, furnace.atmosphere, quenching 
medilUil and others [2,5,6]. Their effects are less pronounced and are 
interrelated with the variables listed above. 
Therefore, in defining the effects of overheating upon .the 
Charpy transition temperature of a completed forging it becomes neces-
sary to first specify the material and all of the processes used in 
the manufacture of that forging. Eac~ step £ran melting to the selec-
tion and prepar~tion of the test samples may be related to the final 
overheating effects. 
The laboratory procedure followed in this investigation for 
_determination of the effects of overheating on the ·notch toughness of 
• 
a large (92" ingot) closure head forging that is normalized, quenched 
and tempered involved two distinct steps. The first was to establish 
the range of overheat for the particular chemistry in question. The 
second, because the laboratory material will be much smaller than the 
. 
actual forging, is to control hot working, heating and cooling rates 
~o match those at the test location.of the closure head foring and ·to 
explore the influence of these variables. 
'· 
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EXPER.DmNTAL DETAilS 
I. Influence of Overheating on Facet Formation 
-· 
To determine the range of overheating test material was 
selected from a completed ASTM A508 forging known to. have acceptable 
mechanical properties. The steel was electric furnace vacuum degas-
sed, having the analysis given below. 
ASTM A508 C Mn p 
Melting Range 
Chelq'k analysis 
of Exp. Mat'l •. 
, 
.20 • 60 
.24 • 70 .015 
s Si Ni Cr Mo 
• 20 • 60 
.018 .30 .80 
.30 .55 
.40 • 65 
Cu Co 
--
.os 
.21 .64 .009 .010 .27 .71 .36 .59 .039 .04 
. 
Standard practice for closure head forgings specifies a maximum 
forging temperature of 2300°F. The range of temperature considered 
for overheat testing was 2200°F to 2500°F. Higher temperatures were 
not investigated as they approach burning, and because they are above 
the usable range for forging·operations. 
Seven samples of the above material 3/4 '' x. 3/4" x 4" were 
used to determine the overheat range by treating in the following 
· manner: 
. I 
. A. Normalize seven samples at 1700°F 1 hour, air cool. 
,: J .• 
. . 
.. 
- • I 
. ' . , .. 
' I L • 
. . 
~- .. 
, •, ' ', , ' ' •·• .,_, ·•·••••• ... •·~·••u,.,,..._. •• ~~ ........ _,.,.,,,,. ........... ,,,1., .... .,,, ....... a-...,..,.....,,., ..... la-u-.. ..,, 
"'3lu.,, ............ "'" • • • ' •• , ~-~ ' ' 
B~ Heat one specimen each to 2200°F, 2250°F, 2300°F, 2350°F, 
· 2400°F, 2450°F, 2500°F, hold 1 hour, air cool. 
i 
I C. Austenitize seven samples at 1575°F, hold 1 hour. • • I '_· ,·' ;-·.: 
.,, 
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D. Water quench from 1575°F. 
E. Temper 450°F, 1 hour (321 -· 341 Bhn.). ~ 
Followin.g this treatment the samples were notched through-one-half 
thickness and fractured by the application of a single rapid load. 
These specimens are seen in Figure lA. The fracture surfaces were 
then examined for the appearance of facets. 
Tempering to the range of 321 - 341 Bhn. is intended to give 
a high intragran1.ilar t~ghness and optimize the appearance of facets. 
To determine if the final hardness or tensile strength significantly 
affects the appearance of facets, the following procedure is used. 
The number of facets per square inch is determined for each 
of the overheated samples. A sample is then tempered at a higher 
temperature, notched, and fractured again. The number of facets is 
again counted and the hardness checked. By properly selecting tem-
pering temperatures it is possible to determine how the appearance ol 
facets is related to final hardness or tensile strength. 
A normalization procedure for these data, consisting of divi-
ding the final number of facets per square inch by original number 
· of facets (tempered at 450°F), makes it possible to construct a curve 
of tempering temperature vs. number of facets. Table I describes the 
temperatures used and identifies the samples. _______ ;· 
. , . 
~---~ ..,._ ... ~-··---- --·--- ----, --
II. Inf 1 uence of Overheat on Mechanical Properties 
' " ' . ' 
. ·' 
:.,.:1 .. ',' • The practice for a typical ASTM A508 closure head forging 
. ,,• .· ', 
.. ~; :· · .---- :. usi~g a 92·" ingot is given below. Times at temperature may vary 
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.TABLE I . ,,· 
Effects of Overheat Temperature and T~pering·· Temperature 
on Fracture Appearance of AS'l'M A508.Class II 
Sample 
7 
6 
5 
.·4 
.. 3 
2 
1· 
6 
7 
s 
6 
4 
- O.H. Temperature 
2500 
2450 
2400 
2350 
2300 
2250 
2200 
2450 
2500 
2400 . 
2450 
2350 
' 
Temper 
450°F 
450°F 
450°F 
450°F 
500°F 
600°F 
700°F 
800PF 
900°F 
I• 
.~ ~· . c-----·----·-· .. 
·, 
' .. ' . -~ 
, . 
. . ·' 
. . ·-! - •• 
. . 
' ' ' 7. 
, ' 
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.. • r O '- ,. : • -~ ;•' • C .' '. '~ < 
'. ., • • ' • : ' t .. ~ '''. t . . ~ ' ,•, ' 
• - .. • ' • • • • ,. • • ' .• l. ' ~ :, ·-. ·; • 
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1 
,4 • ··, 
0
•
000000
" •', •• • ' ," 0 ''.'; 
0r·•·,: ,
0
.'
0
'' • ·-.· •• •' 0 • "•, ',' , • > 
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. ' . ' ~ ' 
• '. ·q • • ' 
•. 1·0. -
.>t> ;_ 
•' •\, 
. 
' . 
I ' 
Facets/In[2] 
.• 
I· 
I 
. . ~ .' . 
~ . . - ~ ' -, ., .. ---~ -.·. ' 
783 
753 
540 
311 
134 
65 
24 
364 
147 
75 
81 
21 
.., ·, .. : 
. ; - :, ' . 
- . ,' 
. - __ ,' 
' l' 
.R 
C 
,· 
37/39 
37/39 
37/39 
37/39 
37/39 
37/3"f) 
37/39 
37/39 
-
.' ' . 
· 36/38 . 
33/35 
30/32 
29/31 
""!t. 
_:;_ _..,. ·-·- - - -
• I. :,""- , ·,~- . 
'·I 
u• I· 
_, . 
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·:·,·,. 
. . . ,: 
.,. 
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,, . ,, 
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\ ' 
slightly with dimensions and operation scheduling. 
A. Forging 
B. Equalize 
C. Normalize 
D. Machine-for quenching*. 
E. Quench 157 5°F 
F. ·Equalize 
G. Temper 
' . 
maximum temperature. 
20:hours. 
30 hours, air cool. 
30 .hours, water quench. 
~ 
17 hours. 
36 hours, air cool. 
Following this procedure tensile and impact tests are machined £ran 
the forging. Charpy tests are taken at 90° intervals around the 
diameter, and at a specified depth from the quenched surface (i.e. 
2 ''). The treatment is intended to result in the mechanical proper-
ties indicated at the top of Table II, which are the requirements 
for the grade. 
The laboratory treabnent intended to simulate the above prac-
tice varying only forging temperature and using four samples 1" x 
11/4" x S"was as follows. • 
A. Forging: Heat one each to 2200°F, 2300°F, 2400°F and 
2500°F. for 3 hours in argon atmosphere. Roll at overheat tempera-
ture from 11/4" thickness to 1/2" thiclmess with 1/8" drafts. Cool 
in .vermiculite. 
' . : . '-~: . ·.. ·. . . 
· .. :, :. ', 
. .. •. . ; . : I.... 
. .. ',• 
. . ' 
' .T'. ' 
' ,• 
* At times may include temper after normal~ze, depending on section • 
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TABLE II 
Effects of Overheat and Hot Work on Transition Temperature 
and Tensile Properties of ASTM A508 Class II 
.2% Offset 
30 ft-lb Tensile Yield Strength Elong. R of A 
Impact* Strength-Psi Psi % io 
Required Below 10°F 80/110,000 50,000 18.0 38.0 
Overheat 2200°F 
60% Hot Work 
Overheat 2300°F 
60% Hot Work 
Overheat 2400°F 
60% Hot Work 
Overheat 2500°F 
60% Hot Work 
Overheat 2200°F 
No Hot Work 
Overheat 230Q0 p--· 
No Hot Work· 
Overheat 2400~F 
No Hot Work 
Overheat 2500°F 
No Hot Work 
-50°F 
-50°F 
-50°F 
-50°F 
0°F 
..... 
-25°F 
-25°F 
-25°F 
• 
86,101 62,512 20.5 73.5 
78,169 56,289 21.5 75.8 
79,694 54,239 21.5 75.6 
84,197 61,288 21.0 74.4 
79,797 56,139 27.3 70.7 
.. , 
79,240 55,585 · 27.8 73.S 
78,695 55,784 28.9 7S.S 
• 
77,699 54,788 · 29.0 74.9 
- ' - . ,.. 
- - . . ' - ~ . ' ' . ' ; . . --
.. 
• ·1 •. 
* For standard Charpy V-notch bar, MIL-S-23194C, Comp. A requires 30 
ft-lb at +40°F, Bethlehem Steel Corp. uses 30 ft-lb at +10°F. 
** Tensile test for standard .252" dia. test bar at room temperatur.e. 
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B. Normalize: Heat all samples .t~. 1200~F, hold for 1 hour, 
then heat 50° per hour to 1700°F and hold for 24 hours at tempera-
ture in argon atmosphere. Furnace cool samples to below 400°F. 
C. Quench: Heat all four samples to 1200°F, hold for 1 hour, 
then heat 50° per hour to 1575°F and hold at temperature for 24 hours 
in argon atmosphere. Cool all samples in still air to room·tempera-
ture. 
I 
D. Temper: Heat all four samples from 300°F to 1240°F at 
50° per hour. 
atmosphere. 
temperature. 
Hold samples at temperature for 24 hours in argon 
Furnace cool to below 400°F and then air cool to room 
., 
Equalizing procedures at 300°F and 600°F were omitted. 
Following this treatment 8 standard Charpy V-notch test bars 
and 1 standard .252" tensile test bar were machined from each of the 
. .' 
four samples. The Charpy bars were prepared with the notch running 
through the 1/2" thickne.ss (Figure lB). The bars were broken over a 
range of temperature with special interest in the 30 ft-lb range. 
'. . 
. 
.,· ·, 
., 
In order to separate the effects of hot working and heat treat-
• 
ment a second identical set of four samples 1" x 11/4" x 5'' was 
prepared.' These four were overheated as before and treated in the 
' 
same manner, but hot working was eliminated. Charpy notch direction 
maintained the same orientation to the original test material. Again 
special interest was paid to the 30 ft-lb transition range in breaking 
the Charpy bars. 
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As a check for the range of overheat established previously,· 
. 
a set of four samples was prepared and overheated at 2200°F, 2300°F;·-
24000F and 2500°F. T.hey were then treated in the same manner as the 
original seven overheat samples described above. They were.cut from 
f 
an area directly adjacent to the samples to be forged and were 
. 
intended to show the degree of overheat to which each forged sample 
would be subjected. 
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RESULTS '.i -. ·; 
The initial test to determine the range of overheat assumed 
that its lower limit was between· 2200°F and 2500°F. This assump-
tion proved to be cO'Frect. Figure 2 is a composite photograph of the 
fracture surface of samples overheated from 2200°F to 2500°F at s·o 
degree intervals. The 2200°F fracture is free of facets but at 2250°F 
there are a few facets clearly visible. Above 2250°F, the figure 
shows increasing numbers of facets as well as an increase in the size 
of the· individual facets with increasing temperature. 
The curve in Figure 3 shows the increase in the number of 
facets per unit area of fracture surface with increasing overheat 
temperature. It indicates that overheating occurs gradually over a 
range of temperatures and cannot be defined or related to any single 
/ 
temperature. Because the number of facets and not the faceted area 
is plotted, the curve levels out above 2450°F. The size of indivi-
dual facets becomes so large that few are needed to cover the frac-
ture surface. 
, 
This is better illustrated in Figures 4 through 7 which 
• 
shows the entire fracture surface of samples heated to 2200°F, 2300°F, 
' 
2400°F and 2500°F, They show the same progression of facets occuring 
at the same temperatures but the increase in facet size from 2200°F 
• 
to 2500°F is more apparent. 
It is interesting to note that at 2300°F there are already 
..__ 
numerous facets apparent in the fracture surface, because 2300°F is· 
• 15 • 
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the forging temperature used in practice •. At 2500°F the facets cover 
nearly half the surface and. at several p.oints appear. to outline the 
triple point of large grains. Test temperatures above 2500°F were 
-
not used because a temperature overrun of that magnitude in forging--
.,, 
practice is not likely • 
. From Figures 4 through 7 it appears that the facets corres-
pond to the austenite grain boundaries formed at the overheating · 
temperature. Attempts to show the correspondence between the facets 
and a prior austenitic grain size after normal forging and heat 
treating practice could not succeed because the treatment following 
overheat refined the grain size. Even when the sample heated to 
2500°F was polished and etched for prior austenite grain boundaries 
it displayed a fine grain size, corresponding to the austenite formed 
prior to hardening at 1575°F. After attempts with numerous etchants 
. 
canmonly used to outline grain boundaries failed to show any precipi-
tated network matching the large facet sizes seen in overheat, another 
~ .......... , .. ,, ... .. 
,,,.,.,,,.,.,.,,.,,,,.,.,.,.,.,,,,,. ,.,.,, .. v,.• ,,.,, ''"','""''""""" 
., ,.,.,.,,,.,,,•"'"' I• ,, i, 
procedure was used. Samples of the test material were heated to the 
overheat temperature and water quenched. Figure 8 shows the enormous 
grain size that existed at 2500°F. It is at the same magnification 
as Figure 7, the fracture surface of the 2500°F overheat sample, and 
' it indicates that the facets correspond to the austenite.grain size 
formed at overheating ·temperature. 
Figure 9 shows a single facet in the fracture surface of the 
sample overheated to 2500°F. It is offered as further evidence that 
'' 
each facet corresponds to a grain boundary •. At 200X the six sided 
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facet demarks an area where the fracture path paralleled the surface 
of, a prior austenite grain. At higher magnification it is apparent 
. . 
~. 
that when the angle between the grain boundary and the fracture 
increases beyond a certain point, the fracture becanes intragranular 
and assumes a ductile appearance. 
Figure 10 is of the same fracture surface as FigQre 9 •. It 
indicates that the fracture followed the surface of a grain through 
several angles close to its path. This suggests further that the 
fracture prefers to grow intergranularly with respect to the prior 
austenite grains. 
\ 
Figure 11 is a SEM photograph at lOOOX showing a region within 
one of the facets of the 2500°F overheat sample. Along with Figures 
8 through 10, it indicates that the facet is not a cleavage type sur-
face but rather a ductile appearing dimpled region. Each dimple is 
nucleated by the samll inclusion at its center. Probe analysis of 
these inclusions indicate that they are a manganese-sulfide compound. 
Figure 12 is a SEM photograph at lOOOX showing the single 
. 
· ''facet" noted on the 2200°F overheat sample (Figure 4). It is noted 
, that this was the only apparent facet in th~ en.tire fracture and tl)at 
its individual size was much smaller than. those in tpe higher temper-
ature overheat samples. Figure 12 shows a dimpled region similar to 
. '" ' . 
that in Figure 11, but the spherical inclusions at the center of each 
dimple are of smaller diameter, when present at all. Microprobe ' '( ... ~-·- - ..... ' , .. 
analysis of the larger of these inclusions showed them to contain 
-! . -. 
r, 
iron and sulfur rather than manganese and sulfur. 
'· ' l, ' 
'. 
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Figures 1 through 12 indicate fhat overheating occurs gra-
. •' 
• -····-· - ",.. ......... • ~ ......... ~--1:'.-';':._, -~-••.• -·. ·-·' ,"";tr-t>•·~-.. •• 
dually over a range of temperature and that range includes the forging 
temperature couunonly used for ASTM, A508. It remains to be determined 
what degree of overheating will be detectable after forging. 
In attempting to simulate the manufacturing processes used 
for a cl.psure head forging, several assumptio~s were made. The first 
was that a 60% reduction in thickness by rolling the 11/4" thick 
test bar would approximate the upset forging of a 92" diameter ingot. 
The second was that maximum heating rates of 50°F per hour would 
match those below the surface of the 10" thickness from which the 
test bars are taken in practice. Finally an air cool of the 1/2" 
. 
test bar was used to approximate the water quench of the forging 
and a furnace cool of the test used to approximate an air cool of 
the forging. Times held at temperature for the test and actual 
forgings were the same. Although these assumptions have been proven 
to be realistic by others, they were checked by preparing photomi-
crographs of the test material and an actual forging for comparison. 
Figure 13A shows the microstructure of a Charpy V-notch test 
bar taken from a completed closure head forging. Figure 13B is of 
' 
the laboratory sample following rolling at 2300°F and the simulated 
treatment described ablve. Both photographs are of a light nit~l 
etch at SOOX. Together they are the best indication that the labora-
tory procedure did in fact approximate the manufacturing process. 
Furthermore, the mechanical properties of the test material also fall 
into the general range specified for closure head forgings (Table II)•' 
' ' .. 
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It did not· seem unreasonable, therefore, that rthe overheating effects 
on the impact strength of the test material would approximate that 
of overheat on the actual forging. 
Figure 14 shows the effects of overheating on Charpy V-
notch transition temperature of material worked and heat treated 
_ after the overheating cycle. The data indicates that the ductile·-
brittle transition occurs at -50°F for each of the four overheat 
tests, and that the curve in the region of the transition is very 
steep. Although the data was collected with the object of determi-
ning the temperature for 30,. ft-lb impact strength level and not in 
generating the complete curve, it may be said that overheating has 
no apparent effect on impact strength for the process used. Hot 
working and heat treating have masked the effects of the overheating 
even in the 2500°F sample. 
In Figure 15 the tes1t material has been overheated as before 
I 
but there is no hot working. As in Figure 14 each curve is very 
a·teep in the region of the ductile-brittle transition. Although the 
transition temperature is now raised to -25°F for three of the tests 
• 
and to 0°F for the case of the 2200°F overheat, there is no trend 
for lowering of impact strength with increasing degree of overheat. 
Table II lists some mechanical properties for the overheat 
test material as determined by standard .252" diameter tensile test 
bars. All of the values remain consistent, with no apparent trend 
related to degree of overheat or to degree of· hot work. Figures 14 
and 15 and Table II indicate that overheating does not affect impact 
.. 
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strength when ·the material is treated to the range of properties 
,... 
listed. 
Examination of I the fr~cture' surface of the broken Charpy 
" 
bars revealed no signs of the facets that were seen in the overheat 
tests. Even the material that was overheated at 2500°F with no hot 
working failed to show any evidence that the manganese-sulfide 
inclusions played any part in crack growth of the Charpy tests. 
Figure 16 shows Charpy V-notch test bars of material that had been 
overheated at 2500°F, hot rolled and treated. The fracture surfaces 
~ 
are free of facets, and the test broken at 0°F. is a high impact frac-
ture (120 ft-lb). Figure 17 is a c~parison of a faceted region of 
the 2500°F overheat test (Figure 7), and a region of the Charpy frac-
ture surface of test material also overheated at 2500.°F. 
It is known that the manganese-sulfide network existed after 
overheating at 2500°F. In the case of the test material that was 
quenched and tempered to a high toughness level, that network is very 
apparent in the fracture surface. In Figure .17A, for example, the 
manganese-sulfide inclusions are easily visible at some magnification. 
If the manganese-sulfide network played.any part in the fracture of 
' 
the Charpy test then it would be expected that the manganese-sulfid~ 
' 
inclusions would also· be appa'rent. Figur~, 17B shows the quasi-
--.. ·-···------------·-·c-leavage surfac·e of the Charpy broken at -100°F. Even at that very 
I•' 
:.l, 
·f' I ~ ••• 
- ' . -, 
brittle state (7.5 ft-lb) there are no indications of inclusions. 
. The same Charpy fracture surface is shown again in Figure 18 
at higher magnification (2000X). Again, if as the crack grew through 
(. . '··"\ 
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the test section and was affected by the inclusions, then they should T 
J 
be apparent at the source of the river patterns or at the voids. 
They are not. The eifects of overheating cannot be traced through 
· \ the hot working and heat treating used in the · manufac.ture of ASTM 
A508 closure head forgings • 
. The question arises as to· the way in which subsequent proces-
sing can influence the development of facets. Should the elimination 
of the facets be attributed to the forging deformation or to some 
aspect of heat treatment. cycle that follows? This investigation indi-
cates t.hat the forging treatment is not necessary to eliminate the 
effect. 
Figure 20 indicates that the appearance of facets in the 
fracture surf~ce depends upon the final tempered strength of the 
material quenched from overheating. The curve shows a dramatic 
decrease in number of facets per unit area is tempering temperature 
is increased. The sample tempered at 900°F displayed only 21 facets 
per square inch in its fracture surface, yet its hardness corresponds 
. 
to an ultimate tensile strength in the range of 140,000 psi. · This is 
,. _ still far above the 77 /86,000 psi of the Charpy tested material· • 
Tempered at 450°F, the sample had 311 facets per square inch. 
.· .:·. 
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Figure 19 indicates that when the intragranular strength of 
the sample is relatively high, the fracture path will tend to follow 
the prior austenite grain boundaries when those boundaries lie close 
to the direction of fracture. The fracture surface then appears 
faceted. When the intragranular strength of the sample is relatively 
low, the fracture path is not affected by the prior austenite grain 
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boundaries, and no facets are presen~. ~ubsequent hot work may also 
alter the fracture behavior, but the relative strength ··of the steel. 
matrix ·and grain boundary appears to be a controlling factor in facet 
formation. 9 
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DISCUSSION· 
' .. 
\J 
Overheating, as defined by the appearance of facets.in the 
fracture surface, is caused by the presence of manganese-sulfide 
inclusions formed at the austenite grain boundaries existing at the 
overheat temperature. Manganese and sulfur diffuse -into the region 
of grain boundaries and form manganese-sulfide precipitate upon 
cooling. The size of the incl~sions depends upon the maximum tem-
perature reached and the rate of cooling from that temperature. 
The maximum temperature reached and the time at temperature 
will also effect the austenite grain size. For coarse grained steel 
there will be less grain boundary area per unit volume than for a 
fine grained one. Accordingly, the manganese-sulfide precipitate 
should be more heavily distributed at the boundaries of the coarse 
grain structure when manganese and sulfur have time to diffuse over 
r 
the greater distances. Therefore, a higher temperature and a slower 
cooling rate will have a compounding effect on the formation of 
manganese-sulfide inclusions. 
For ASTM A508 overheating ca.n not be defined by a single 
temperature. The effects begin gra-dually and increase over a range 
of temperature, extending upwa~ds to the outset of burning. How~ver, 
this range does include the forging temperature used for closure 
head forgings, 2300°F. 
After a~ overheated steel is hardened by subsequent heat 
·· treatment the gross austenit,e grain size associated with forging·· · 
· • 23 -
. . 
,. .,· · .. 
t 
' . 
., 1 
' ' ' ~ • j 
., 
1 ~ ' 
. ·~ 
. ,· ' 
,· -· 
.. ··•·· -~· .. : .... _ .... _._ ... _.... 
.. 
. ', 
-1 .:: 
•. I 
. ~ 
I ,. 
..,..,..,.;,.JI'\ ........................... , 
temperature no longer exists. However, the manganese-sulfide net-
J 
work of inclusions corresponding to this grain size remains largely 
Q • 
unaltered by the lower temperature treatments. During fracture the 
•, 
' 
inclusions can act as sights where voids will nucleate at lower stress 
levels than in the ferrite matrix. This can be due either to weakness 
, 
of the sulfide-matrix interface, or to nucleation of voids within the 
inclusion. The result is that when the crack can grow at lower stress 
levels through the region of inclusion network, and when the network 
is oriented favorably, then the fracture will appear faceted. The 
crack will be intergranular with respect to the grains existing at 
overheat temperature, and the faceted material should have a lower 
impact strength than unfaceted. 
But the material subjected to the simulated forging treatment 
showed no discernable effect of overheating on impact strength, even 
though it had been heated to temperatures known to produce facets. 
However, the "forging" material differed from the overheat test mater-
ial in several respects aside from hotworking. The "forging" ma teria~ 
was held at overheat temperature longer, the rate of cooling from 
· that temperature was s).ower, and the time at treating temperatures 
was considerably longer. All of these factors will effect the inclu-
sion distribution, but their most obvious effect was to lower the 
hardness or tensile strength of the material. The initial overheat 
material was tempered to a strength of 170/180,000 psi. The "forging'' 
material was tempered to a tensile strength of. 77/86,000 psi.· 
···--.·- __;_ --·-~ 
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The appearanc~ of facets depends upon the weakening caused 
' by· the'! precipitation of manganese-sulfide inclusions during overheat 
as well as the relative strength of the tempered ferrite matrix. 
Tempered at .450°F overheated samples showed fa~ets in the fracture 
surface. Tempered at .1240°F they did not. The drop off in the num-
b.er of facets occurs rapidly as the tempering temperature is raised 
above 450°F. A 900°F tempering temperature effectively eliminates 
facets from a sample overheated at 2400°F. This tempering tempera-
ture corresponds to an ultimate tensile strength in the range of 
140,000 psi. At this level the ferrite is weakened to the point that 
the network of manganese-sulfide inclusions no longer represents a 
path of ~ower energy for the growing crack. 
The effect of the inclusion network was to lower the frac-
ture strength of the material. In the case of high strength 
samples this weakening caused overheated tests to exhibit low 
energy faceted fractures even at room temperature. But for the 
lower strength "forging" material the lowering of fracture strength 
due to overheating was not sufficient to cause brittle or low energy 
-\ \ 
r •. -,~, ,. -~•:-~· :·.'?'"I.,;,,.,.- '·• ,. . 
. 
. ·, l ~ , .•. · ' . 
.' I 
. ,' "· ·. 
..... 
fracture in the temperature range of interest (10°F). .For the 
moderate degree of overheat investigated here the effects are apparent 
at high strength conditions, but not for the properties a~sociated 
with a completed ASTM A508 Class II closure head forging. 
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CONCLUS IOOS 
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On the basis of this investigation. the following has been 
concluded. 
1. Overheating effects in A508 forgings, i.e. fracture 
facet fornaation, are caused by the precipitation of manganese-sulfide 
inclusions at austenite grain boundari~s. 
2. Facets are actqally dimpled or ductile regions whe-re the 
manganese-~ulfide inclusions act as sights for void nucleation, and 
their appearance in the fracture surface depends upon tensile pro-
perties of the ferrite matrix as well as the nature of the inclusion 
network. 
3. For ASTM A508 Class II overheating occurs gradually over 
, a range of temperatures, and is detectaple at the temperature used 
for forging (2300°F). 
4. For the final mechanical properties of ASTM A508 Class II 
· closure head forgings, moderate overheating has no discernable effect 
·upon ductile-brittle transition temperature. 
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James Allen Disario· -i;,as born on Ma.rch 28, 1943, in Perth 
I 
\ 
Amboy, New Jersey. He is the ·son of Helen Moryan Disario and Andrew 
I ' . ' 
James Disario. He attended the Metuchen, New .Jersey Public School 
' 
System and Rutgers University; graduating with a Bachelors degree 
in Mechanical Engineering in June of 1965. · Following graduation he 
was employed by the Bethlehem Steel Corp~ation and assigned to the 
Alloy and Tool Steel Div~sion at the Bethlehem Plant. He started 
graduate study at Lehigh in 1967. 
.;-11 
. 
James is married to the former Nancy Iobst and resides with 
his family in Bethlehem. 
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